Hypertension is a disease which affects over 26.4% of the world adult population, therefore novel approaches to the prevention and treatment of this disease need to be examined. Previous studies from our and other laboratories have shown that treatment of spontaneously hypertensive rats (SHR) and Dahl salt-sensitive rats with a renin-angiotensin system (RAS) inhibitor during the 'critical period' in hypertension development results in prevention of the later development of hypertension. In humans, Julius et al. reported similar findings in the landmark TROPHY study. Recently, we reported that 'pulse' treatment of SHR with highdose angiotensin receptor blocker (ARB) is effective in causing sustained reduction of already established hypertension, even when the treatment was started after the 'critical period'. These results suggest the possibility that 'regression' of established hypertension may become feasible, and we have started a prospective, multicenter clinical study (STAR CAST study) to examine this possibility. In our animal studies, we found that treatment of rats during the 'critical period' with an ARB inhibits the development of renal arteriolar hypertrophy. Moreover, a high-dose angiotensin blocker caused a remarkable reversal of renal arteriolar hypertrophy in SHR, which was associated with changes in microvascular MMP expression. These results suggest that changes in the renal microvasculature may have an important role in the mechanisms of hypertension prevention and regression by ARB.
INTRODUCTION
Hypertension is a disease which affected 26.4% of the world adult population in 2000, and the prevalence is projected to increase to 29.2% by the year 2025. 1 Hypertension is a major risk factor for cardiovascular disorders such as stroke, heart failure, vascular disease and end-stage renal disease, and is a leading cause of morbidity and mortality.
During the last 50 years, the introduction of new drugs with fewer side effects has greatly improved the treatment of hypertension. In particular, the introduction of calcium channel blockers (CCB), followed by inhibitors of the renin-angiotensin system (RAS) have resulted in a greater efficacy/side effect profile, so that these agents are now the most commonly prescribed medications in Japan. 2 Unfortunately, these advances have not always resulted in reduction of cardiovascular disease throughout the world. For example, the decline in cardiovascular mortality appears to be slowing down in Japan. 3 Moreover, the incidence of end-stage renal disease attributed to hypertensive nephrosclerosis is still increasing. 4 One of the obstacles may be the major gap between the prevalence of hypertension, awareness of hypertension and compliance with hypertension treatment. 5 These epidemiological data suggest that new and innovative approaches to hypertension therapy need to be considered, to optimize hypertension therapy. The International Society of Hypertension recently published the Fukuoka statement (global challenge for overcoming high blood pressure), 6 in which the importance of prevention of hypertension was emphasized. In this review, we summarize the main results of animal experiments to examine the mechanisms of hypertension prevention by RAS inhibitors, and their correlation with recent clinical studies on hypertension prevention. We also examine experimental evidence that 'regression' of established hypertension may be feasible, which could result in the ultimate research goal: a 'cure' for hypertension.
DEFINITIONS OF 'PREVENTION' AND 'REGRESSION' OF HYPERTENSION
One conceptual definition of hypertension is the level of blood pressure, above which there is a major increase in cardiovascular risk. In international guidelines of hypertension, the numerical threshold of hypertension is usually defined as a systolic blood pressure of 140 mm Hg and/or a diastolic blood pressure of 90 mm Hg. Depending on the blood pressure, hypertension has been further subdivided into different grades as shown in Figure 1 . In the 2009 Japanese Society of Hypertension guidelines, blood pressures which are above normal, but below Grade I hypertension are referred to as highnormal blood pressure in the guidelines of the Japanese Society of Hypertension, 7 whereas both normal and high-normal blood pressure hypertension correspond to prehypertension in the Joint National Committee JNC-7 guidelines. 8 The natural history of hypertension has been well characterized, and it is known that the incidence of hypertension increases greatly during middle age in both men and women. Moreover, hypertension is progressive: the systolic blood pressure of an individual patient rises progressively over time, so that median values of systolic blood pressure in the population increases at every age. Indeed, in the Trial of Preventing Hypertension (TROPHY) study it was reported that 63% of patients with prehypertension would become hypertensive within 4 years. 9 Although this figure is greater than the Framingham study, 10 it is clear that all patients must pass from normal blood pressure to high-normal blood pressure before progressing to fully established hypertension. Therefore in this review, hypertension 'prevention' will be defined as the inhibition of progression of the blood pressure from high-normal blood pressure to Grade I hypertension. Conversely, hypertension 'regression' will be defined as the reversal of blood pressure levels from Grade I hypertension back to high-normal levels.
ANIMAL MODELS OF HYPERTENSION PREVENTION
It has been shown by several groups, including our own, that treatment of young spontaneously hypertensive rats (SHR) with a RAS inhibitor can suppress the development of hypertension. Studies by the group of Harrap et al. demonstrated that treatment of SHR from age 6-10 weeks with an angiotensin-converting enzyme (ACE) inhibitor resulted in the sustained suppression of hypertension at age 25 weeks, whereas treatment from age 6-7 weeks did not. 11, 12 Studies from the group of Berecek suggested that these results could result from a decrease in AVP levels. 13, 14 Similar studies have been performed by other laboratories using both ACE inhibitors, 15, 16 and angiotensin receptor blockers (ARBs). 17, 18 In our initial studies, we found that treatment of stroke-prone SHR with an ACE inhibitor from age 3-10 weeks resulted in a sustained suppression of blood pressure, whereas such an effect was not found with the vasodilator hydralazine. 19 Exactly the same results were found with an ARB, suggesting that this effect could be explained by the inhibitory actions of ACE inhibitors and ARB on the RAS. We also found that the development of renal injury was also suppressed in this model.
To examine if the effects of RAS inhibitors to suppress the development of hypertension was specific to the SHR and its related strains, we next performed studies on the Dahl salt-sensitive rat, which is a model of salt-sensitive hypertension with a low renin profile. 20 We found that treatment of Dahl salt-sensitive rats with an ARB during the same 'critical period' (age 3-10 weeks) prevented the later development of salt-induced hypertension in this model even when the ARB treatment had been discontinued, and also a partial attenuation of renal injury induced by salt loading. These studies showed that the prolonged effects of transient treatment of RAS inhibitors are not specific to the SHR model, and can be seen in other strains.
THE 'RAS BLOCK MEMORY' PHENOMENON AND 'RENO-VASCULAR AMPLIFIER' HYPOTHESIS
To examine the mechanisms of these long-lasting effects of RAS blockade (which we later called the 'RAS block memory' phenomenon), we performed further studies on the SHR/L-NAME model, which is a model of accelerated hypertension characterized by marked renal injury. 21 In this model, the rats were treated with a RAS inhibitor (ACE inhibitor or ARB), or a vasodilator (hydralazine), or a CCB (nitrendipine) during the 'critical period' from age 3-10 weeks. Medications were discontinued at age 10 weeks, and the rats observed without treatment for two months. At age 18 weeks, the rats were administered the NO synthase inhibitor L-NAME in the drinking water for 3 weeks to induce renal injury, and killed at age 21 weeks. Interestingly, the rats treated with a RAS inhibitor had reduced vascular injury (arterial hypertrophy, endothelial thickening and lumen narrowing) compared with vasodilator-or CCB-treated rats, and reduced renin mRNA, probably due to attenuation of the intrarenal vascular injury and renal ischemia induced by L-NAME. To explain all these experimental findings, we proposed a 'renovascular amplifier' mechanism for the development of hypertension and renal injury in this model. High blood pressure is known to cause vascular hypertrophy in the resistance vessels, which predominantly consists of inward 'eutrophic' remodeling. When this remodeling is accentuated, as in the SHR/L-NAME model, glomerular perfusion decreases, which results in increased synthesis of renin and activation of the RAS. These changes cause a further increase in the blood pressure, resulting in a vicious cycle, which causes accelerated hypertension. RAS inhibitors can block this vicious cycle by attenuating both the increase in blood pressure, and importantly, by decreasing the vascular hypertrophy of the resistance arteries. This could explain why the effects of ARB were prolonged, resulting in the 'RAS block memory' phenomenon. 21 This hypothesis was supported by experiments in which we administered the agonist angiotensin II during the 'critical period' from age 4-8 weeks, after which all treatments were discontinued. Rats, which had been transiently exposed to angiotensin II during the 'critical period' were found to have elevated values of blood pressure at the later period which were 10-20 mm Hg higher than rats which had been exposed to saline vehicle. Moreover, these rats were more susceptible to the subsequent development of renal vascular injury, and increased renin synthesis at a later time point (age 18 weeks) and to have a much higher mortality after L-NAME administration. 21 In other words, the effects of angiotensin II administration were the opposite of the effects of ARB, and were found to cause an acceleration of the 'reno-vascular amplifier' in this model of accelerated hypertension and renal injury.
CLINICAL STUDIES OF HYPERTENSION PREVENTION
The results of animal studies on hypertension prevention have been supported clinically by the TROPHY study. 9 In this prospective, randomized, multi-center study designed by Julius et al., 9 patients with prehypertension and systolic blood pressure of 130-139 mm Hg and/or diastolic blood pressure of 85-89 mm Hg were randomized to placebo or the ARB candesartan cilexetil (16 mg/day) for 2 years, then both groups were switched to placebo for the next 2 years. The primary end point was the development of hypertension. As in the animal studies, the treatment with ARB caused a suppression of the development of hypertension, not only during the active treatment period (first 2 years), but even after the active treatment had been discontinued. The absolute risk reduction at the end of 2 or 4 years was 26.8 and 9.8%, respectively, whereas the corresponding values of relative risk reduction were 66.3 and 15.6%. Changes in the systolic blood pressure at the end of the study were small (2 mm Hg), but statistically significant. In a smaller trial from the Denmark (the DHyPP) study, the investigators were not able to find a statistically significant effect of treatment with an ARB for 1 year on subsequent values of blood pressure measured by ABPM. 22 However, the number of subjects enrolled was much smaller than the TROPHY study, so it is unclear whether a statistically significant change could have been detected with a greater number of patients. Moreover, the subjects had diastolic blood pressures of 85 mm Hg or less, and so were not prehypertensive.
In the Prevention of Hypertension in Patients with High-Normal Blood Pressure with the ACE Inhibitor Ramipril study, the investigators examined whether 3-year treatment of patients with high-normal blood pressure with the ACE inhibitor ramipril would prevent or delay the progression to hypertension. 23 Hypertension was found to develop in 30.7% of the ramipril-treated patients compared with 42.9% of the controls, a relative risk reduction of 34.4%. These results suggested that treatment of prehypertensive patients with ACE inhibitor could prevent the development of hypertension in this population. The investigators did not examine if the decrease in blood pressure persisted after the end of the treatment.
ANIMAL MODELS OF HYPERTENSION REGRESSION
Previous studies suggested that treatment of SHR after the 'critical period' would not result in sustained suppression of hypertension. However, studies by the group of Smallegange et al. 24 showed that transient treatment of SHR with an ACE inhibitor together with a low-salt diet could cause sustained reduction of blood pressure, even after the treatment was discontinued. Moreover, the same group reported that the reduction of blood pressure could be transferred to a different SHR, if the kidney was transplanted to another rat. The reduction of blood pressure was also found to be associated with decreased renal vascular resistance.
Recently, our group showed that 'pulse' treatment with high-dose ARB is effective in causing 30-40 mm Hg regression of established hypertension in SHR. 25 Similar results were found with both ARB and ACE inhibitor, whereas no such effect was found with a CCB or vasodilator. Importantly, 4 months after the 'pulse' treatment, not only the blood pressure, but also cardiac and aortic hypertrophy were significantly reduced in the rats, which had been 'pulse'-treated with ARB or ACE inhibitor, probably as a consequence of the regression of hypertension.
CLINICAL STUDIES OF HYPERTENSION REGRESSION
To our knowledge, there have been no clinical studies, which were designed to address the question whether regression of hypertension (that is, reversal of Grade 1 hypertension to high-normal blood pressure) is feasible in humans. For this reason, we have recently designed and started a preliminary prospective, multi-center study (STAR CAST) to examine the effects of a 1 year treatment with an ARB or CCB on regression of hypertension. 26 If the results are encouraging, we hope to perform further studies using high or ultrahigh doses of ARB in patients with hypertension or chronic kidney disease.
ROLE OF THE RENAL MICROVASCULAR REMODELING IN THE PATHOGENESIS OF HYPERTENSION
Hypertension is associated with increased peripheral arterial resistance, and most of the resistance is developed in the resistance arteries of the microvasculature, which includes both arterioles and small arteries with diameters o400 mm. The importance of the microvasculature in the pathogenesis and maintenance of hypertension was originally proposed by Folkow, 27 who pointed out that a vicious cycle exists between increased blood pressure and vascular hypertrophy. According to this hypothesis, hypertension may be initiated by a specific fast-acting pressor mechanism (for example, angiotensin II) that increases blood pressure and initiates a positive feedback loop that induces vascular hypertrophy and maintains the hypertension. The hypothesis was later refined by Lever and Harrap, 28 who proposed further elements: an abnormal or 'reinforced' hypertrophic response to pressure, and an increase of a humoral agent that causes hypertrophy directly.
Animal studies have provided evidence to support these hypotheses (for extended reviews, see Skov and Mulvany, 29 Intengan and Schiffrin, 30 Feihl et al. 31 ). Hemodynamic studies indicated that increased renal vascular resistance is already present in the prehypertensive state in SHR. 32, 33 The increase in resistance appears to be more marked in the renal vasculature compared with the increase seen in other vascular beds. 29 As renal resistance resides predominantly within the afferent arterioles, 34 the increased renal resistance could be caused by narrowing of the afferent arteriolar lumen. Indeed, morphometric studies on the afferent arteriole of SHR and WKY have confirmed that afferent arteriolar diameters are smaller in SHR compared with WKY, whereas efferent arteriole diameters are comparable between the two strains. 35, 36 Importantly, these differences are already seen in the 4-week-old SHR, even before blood pressure is significantly increased compared with WKY controls. 35 Moreover, Simon et al. 37, 38 showed that a 2% NaCl high-salt diet in combination with Ang II infusion increased wall-lumen ratios of small resistance arteries, preglomerular structural vascular resistance and blood pressure in Sprague-Dawley rats. These results are compatible with the notion that restriction of sodium intake has an important role in efforts to prevent and control hypertension. 7 Cross-breeding studies have provided further evidence of a role for a renal 'structural factor' in the pathogenesis of hypertension in SHR. It is well recognized that transplantation of kidneys from SHR to WKY results in transfer of the hypertension, whereas transplantation from WKY to SHR results in normalization of the blood pressure, [39] [40] [41] consistent with a central role for the kidney in the pathogenesis of hypertension. To extend these findings, Norrelund et al. 42 performed studies in which the progeny of a cross between hypertensive and normotensive animals were themselves crossed to produce an F2-generation. Interestingly, it was found that a narrowed afferent arteriole in young F2-SHR/WKY was associated with the later development of high blood pressure, suggesting a role for this phenotype in the pathogenesis of hypertension. Recently, the group of Coffman and Crowley 43 showed that transplantation of kidneys from AT1a receptor-deficient mice to wild-type mice almost completely abolished hypertension induced by Ang II infusion, whereas transplantation of kidneys from wild-type mice to AT1a receptor-deficient mice restored the blood pressure response. These results provide further strong evidence for the important role of the kidney in regulating systemic blood pressure.
In human patients, hypertension has different effects on the vascular morphology of large arteries and resistance arteries. 44 In the large elastic and muscular arteries, elevated blood pressure leads to an increase in the diameter and the intima-media thickness. In the case of the small muscular resistance arteries and arterioles, essential hypertension is associated with a decrease in the lumen diameter and an increase in the media-to-lumen ratio of resistance vessels. 29, 30 With mild-to-moderate hypertension, this alteration appears to involve a rearrangement of the vascular structure, such that the arterial wall cross-sectional area is not changed, whereas the lumen is reduced ('eutrophic remodeling'). In the case of severe hypertension or in forms of secondary hypertension, hypertrophy of the vascular wall results in an increase in the arterial wall cross-sectional area together with a decrease in lumen diameter ('hypertrophic remodeling'). It has been suggested that small artery remodeling may contribute to the morning surge in blood pressure in humans. 45 
COMPOSITION OF THE EXTRACELLULAR MATRIX (ECM) IN THE VASCULATURE, AND REMODELING DURING HYPERTENSION
Eutrophic remodeling involves restructuring of the vascular wall, so that smooth muscle cells are aligned more closely and encircle the lumen more tightly without a change in the volume of the media. 44 This remodeling requires a complex restructuring of the ECM with increased ECM deposition in the inner lumen of the arteriole, together with degradation of ECM in the periphery.
The ECM is a complex mixture of macromolecules, which may be broadly classified into three major types: structural proteins such as collagen and elastin, specialized and adhesive proteins such as fibronectin and laminin, and proteoglycans/glycosaminoglycans. In the arteries, types I and III collagens form the bulk of vascular collagens (60 and 30%, respectively), whereas the remaining 10% includes types IV, V, VI, VIII, XII, XIV collagens. 46 Type I collagen is most prevalent in the adventitia of the rat aorta, whereas type III collagen is found in the media and adventitia. 47 In humans, types I and III have been detected in the intima media and adventitia. 48 In the large arteries, elastin can comprise up to 50% of its dry weight, 49 however, in the resistance arteries, elastin is much less abundant and is localized mainly in the internal and external elastic lamina. The fibrous proteins collagen and elastin are embedded in a gel-like ground substance composed of proteoglycans/glycosaminoglycans. 50 Both structural proteins and proteoglycans are known to be associated with adhesive proteins such as fibronectin, vitronectin, laminin and thrombospondin. 51 The adhesive proteins interact with other ECM molecules, so that the ECM surrounding the body's cells form a structural scaffold which maintains the arterial framework.
When hypertension develops, the first ECM response to the elevated wall stress is an increase in elastin synthesis. 52 Pressure-induced stretch may trigger this response, because cultured VSMC can be elicited to increase elastin synthesis by applying stretch to culture dishes with deformable bottoms. 53 Collagen, the other fibrous component of the vascular ECM, is also increased after the initiation of hypertension. 54 In the peripheral resistance arteries of the SHR, vessel wall stiffness is increased and this is associated with an increased volume density of collagen, as well as an increased collagen/elastin ratio. The collagen/ elastin ratio has also been shown to be increased in human resistance arteries from mild essential hypertensive patients. [55] [56] [57] Moreover, vascular proteoglycan synthesis is also increased by high blood pressure. 58 These changes may contribute to the inward remodeling of the arterioles found in hypertension. 44 Concerning ECM degradative pathways, expression of MMP-2, TIMP-1 and TIMP-2 has been reported in normal arteries. 59 Changes in MMP activity and expression have been reported as a result of hypertension. When porcine arteries ex vivo are subjected to an elevation of transmural pressure, an increase in MMP-2 and MMP-9 activities are seen. 60 Similar results have been reported in vitro, namely cyclical mechanical strain to simulate blood pressure changes results in an increase in MMP-2 activity in human VSMC. 61 Moreover, in young SHR, MMP-1 activity was reported to be increased in the mesenteric arterial bed is decreased before hypertension was established. Taken together, these data suggest important roles for MMPs in the process of vascular remodeling in hypertension. 44 Media/ lumen ratio ** † 
ROLE OF RENAL MICROVASCULAR PROTECTION IN THE PREVENTION AND REGRESSION OF HYPERTENSION BY RAS INHIBITORS
Recently, we examined the morphological effects of treatment with an ARB or CCB during the 'critical period' on renal small artery structure in SHR. SHR were treated with an ARB (candesartan cilexetil) or CCB (nitrendipine) from age 3-10 weeks, and killed at age 10 weeks. In this simple experiment, the arteriolar hypertrophy was found to be significantly reduced in the ARB-treated rats compared with the CCB-treated rats, despite similar reductions in blood pressure ( Figure 2 ). Similar results have been reported by other groups using ACE inhibitors in both animal models, 16, 62 and humans. 63, 64 We also examined renal arteriolar structure in rats treated with highdose 'pulse' ARB therapy, and found a remarkable reversal of the arteriolar hypertrophy found in SHR treated with ARB, whereas this effect was not seen with CCB ( Figure 3) . Interestingly, these findings were marked in the small renal arteries (diameter 30-100 mm) compared with small arteries from other vascular beds. 25 To examine potential mechanisms of these changes, we compared the gene expression profile of kidneys treated with ARB vs. kidneys treated with CCB. The differences in expression of a total of 28 000 genes in the kidneys of SHR treated with ARB or CCB were examined using the Affymetrix rat 230 2.0 gene expression array (Affymetrix KK, Tokyo, Japan). In all, 1345 genes were elevated in the ARB-treated rats compared with CCBtreated rats, whereas 5671 were reduced. Several ECM-related genes were elevated in the ARB-treated rats, whereas MMP-9, TIMP-2 and TIMP-3 gene expressions were decreased in the ARB-treated group (Table 1 ). These differences were confirmed by real time RT-PCR. To examine if these changes in MMP expression could be involved in the observed reversal of renal arteriolar hypertrophy by ARB, we examined the activities of different MMPs in the renal microvasculature using a highly sensitive in situ zymography method. We found that MMP-13 activity was markedly increased by ARB but not by CCB. 25 As MMP-13 is known to be the predominant type I collagenase in rodents, these results are compatible with an important role for MMPs in the actions of ARB to cause reversal of renal arteriolar hypertrophy, and subsequent remodeling of the renal microvasculature (Figure 4) .
CONCLUSION
It has been suggested for a long time that hypertrophy of the renal small arteries may have an important role in the pathogenesis of hypertension. Recent data from our and other laboratories suggest that the effects of RAS inhibitors to prevent and reverse small artery hypertrophy may be unique among the antihypertensive agents. These 'protective' effects of RAS inhibitors on the renal microvasculature may explain the efficacy of these agents not only in preventing the onset of hypertension, and also in inducing regression of hypertension in animal models. It is hoped that further studies on the mechanisms of hypertension prevention and regression may lead to the ultimate research goal: the development of feasible methods for hypertension prevention and regression in humans.
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